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Abstract

The previously reported phenomenon of current sheet
transition from a propagating "sweeping" mode to a quasi-
steady "blowing" mode has been studied in detail in a par-
allel plate accelerator with partially insulated electrodes,
and in a coaxial MPD arc configuration. In the parallel
plate device, a related sequence of magnetic and electric
probe surveys, Kerr-cell photographs, inner and outer volt-
age signatures concur on a model of the transition process
which invokes incompletely accelerated gas passed over by
the propagating sheet as a starting inflow for the later,
steady acceleration phase. The characteristic time for
attainment of steady gasdynamic flow through the arc from
an external reservoir considerably exceeds that for stabi-
lization of the discharge current pattern, thus requiring
longer driving current waveforms and more sophisticated gas
injection procedures to achieve complete simulation of a ]
steady flow accelerator. In the MPD simulator, this is
achieved by a modification of the capacitor pulse line to
provide longer duration, lower amplitude driving pulses, and
by a coaxial, shock tube gas injection system appropriately
synchronized with the the electrical pulse. Early results
of this experiment indicate that such complete stabilization
can essentially be achieved, including prolific thermionic
emission from the cathode on the available time scale. Ex-
~ perimental maps of current distribution throughout the dis-
charge indicate that under the conditions studied, some
one~-third of the arc current flows in the exterior plume
and attaches far out on the anode surface.

The program to optimize energy transfer from a pulse
line to an accelerating current sheet has revealed the antic-
ipated strong, nonlinear interaction between the dynamics of
the circuit and that of the plasma. As the impedance of the
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driving line is brought down toward that of the accelerating
plasma, the current waveform is observed to distort consid-
erably, and the relative duration of pulse length to plasma
propagation time also becomes important to optimization of
energy transfer, in addition to the impedance ratio.

High-speed pressure transducer studies, supplemented
by photographic and interferometric techniques continue to
reveal interesting aspects of current sheet structure. One
particularly interesting feature is the origin and growth
of the peculiar "anode-foot" interaction which may have some
relevance to the troublesome anode loss mechanism in MPD

arcs.
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| I. INTRODUCTION

Over the past several months, the méjor emphasis of
the laboratory program has cbntinued to shift from the
simpler closed-chamber studies which characterized the early
efforts, toward more sophisticated experiments on more elab-
orate apparatus capable of long-pulse and/or plasma ejection
operation. Partially this is attributable to a maturing of
understanding of the more elementary phenomena, but more
essentially to the overall predisposition of the work to ul-
timate propulsion application. While some closed-chamber
studies remain, these largely are reserved for development
of new diagnostic techniques, or for preliminary examination
of new concepts in the plasma acceleration processes. The
more extensive efforts are now focused on programs. such as
MPD simulation, current sheet stabilization, and optimization
of energy transfer from power source to accelerating plasma
which bear more directly on the ultimate engineering real-

ities of plasma propulsion.

The composition of this status report reflects this
trend in the laboratory program. The three major topics
just mentioned are discussed first, each in some detail.
These are followed by a review of the high-speed pressure
probe studies which are nearing completion, and by a dis-
cussion of the latest "anode-foot" results which seem to
have considerable implication for both pulsed and steady
thruster performance. More preliminary results of a gas
laser interferometer technique for electron density measure-
ments, and of an experiment to map current-voltage charac-
teristics of very high current arcs are included briefly

to provide some flavor of the overall program.

Two special items are included in the Appendices.

First, this laboratory was honored last fall by the award



to one of its undergraduates, Mr. Peter J. Turchi, of the
National AIAA Student Research Prize, at the Annual Meeting
of the Institute in Anaheim. The text of his winning paper,
soon to be published in the AIAA Student Journal, is in-
cluded intact in Appendix I.

During the past summer, this samé student conducted
a detailed bibliographical survey of diagnostic techniques
appropriate to pulsed plasma acceleration. The resulting
series of abstracts and commentaries has proven useful in
the indoctrination of new students into the laboratory pro-
gram here, and is available in full to any member of the
distribution list who cares to request it. The procedure

and references followed are outlined in Appendix II.



II. TRANSITION FROM UNSTEADY TO STEADY PLASMA
ACCELERATION IN A RECTANGULAR CHANNEL
(Eckbreth)

The previously reported preliminary observations of
spontaneous transition of a propagating, gas-sweeping cur-
rent sheet to a stationary, gas-pumping current distribution

(48,49) have been verified

in a*parallel plate accelerator,
in a more precise and detailed series of experiments. The
parallel plate device, shown in Fig. 1 and described in
detail in Ref. 48 has now been equipped with a pair of
aluminum electrodes permanently inlaid with 1/4" thick nylon
insulation over all but the first 5-1/4" of their length.
The acceleration channel formed by these electrodes thus has
a sharp conductor-insulator discontinuity about 2.6 channel.
heights downstream of the discharge initiation position,
which serves to arrest the propagation of the current sheeF
along the electrodes, and thereby eventually to stabilize

the entire discharge conduction pattern.

The accelerator now is also equipped with a variety
of probe access glands and interior supports which permit
detailed electric, magnetic, and gasdynamic probing of the
entire discharge pattern. Also, a shock tube gas injection
system, shown in Fig. 2, has been added as a means to pro-
vide mass flow to the stabilizing current pattern, or to
study the effect of ambient pressure gradients on the stabi-
lization process. The shock tube consists of a 3" diameter x
6" long driver section with a diaphragm plunger, connected to
a 12" Plexiglas‘driven section through a large ball valve.
The end wall of the driven section feeds 5 tubes, 4 of which
connect via holes in the backstrap to orifices in the rear
wall of the accelerator channel, and 1 of which supplies a

gas trigger pulse to the switch.

Using the above equipment, the transition from a



NOILVTINSNI AIVTINI Il_._>>- 300410313 VLW

300410313 V13N

NOILONNM ¥OLVINSNI
Ol "VL3INW

dJOLVINSNI

99 ocss » 240

FIGURE



ANVE

W3LSAS NOILO3rNI SvO 3F9NL MOOHS

¥OLI1QVdY) ————

oL ——

L

NOILO3S N3IAIYA
SV19IX31d

WOV HHJV

JATVA

H3AIEA
N3340S

a
/ 4IONNTd
M L |

\ — NOILD3S

0,\_/&///
N HOLIMS

) 7 /
Y . _—

L7 Z v ” >
N r/
N /
() S3014140

// \.—/ O1193rNI i\mo._..Ql_DmZ_
//W_WU//AV e

FIGURE 2



sweeping current sheet to a stabilized current distribution
has been examined with a variety of diagnostics, including
magnetic probes, voltage probes, electric field probes, and
Kerr cell photography of the discharge patterns and of the
plasma flow over miniature wedges. The current pulse used

in all of these studies (except where otherwise noted) is
rectangular in form, 120,000 amperes in magnitude with a

20 psec duration. In the results to be displayed, the ref-
erence system employs x as  the axial coordinate, such that
the metal to insulation junction is at x = 0. x > 0 runs
downstream along the insulation and x < 0 runs upstream along
the metal electrode to the back wall where the discharge
initiates. Kerr cell photographs of the propagating current
sheet are shown in Fig. 3, while the transition from a propa-
gating sheet to a stabilized distribution is shown in Fig. 4.
Note that the current sheet initiates at the back wall

(x = -5-1/4") and propagates down the channel with a slight
forward tilt from cathode to anode, and with an evergrowihg
"anode foot." Upon reaching the metal to insulation junction,
the bulk of the luminosity pattern continues to propagate
into the insulated channel, unrolling, as it were, the stabi~
lized pattern of two broad, nearly axial and highly luminous
bands emanating from the electrode discontinuity. The visual
simularity of these bands to the anode and cathode jets of
the MPD arc is one suggestion of valid simulation of steady

arc phenomena in this type of experiment.

The development of the corresponding patterns of dis-
charge current distribution is presented in Figs. 5a~5e in
the form of enciosed current contours at a succession of times
during the pulse. Again we see the slight tilt of the propa-
gating current sheet, its broader anode attachment region,
and its abrupt, balloon-like arrest at the electrode discon-
tinuity. The stabilized pattern bows downstream in a hairpin

fashion with the bulk of the current conducted across the mid-
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plane in the 0 <« x< 6" region, i.e., within three channel
heights downstream of the metal-to-insulation junction.

Although the current Has ceased to propagate, -accel-
eration of gas by the stabilized current distribution appears
to continue. The most vivid demonstration of this is a photo-
graphic sequence of flow patterns over small 15° half angle
wedges set in three planes--1/4 inch off the anode and cath-
ode and in the midplane--at various axial positions along
the channel. For example, the status of the inlet flow to
the stabilized current distribution can be observed by wedges
upstream of the current stabilization region; such a series
of pictures taken at 10, 14, and 18 psec respectively is
shown in Fig. 6 where the wedge tips are located at approxi-
mately x = -1-3/8 inch. Note that shocks are visible at each
of these times indicating that the inflow is supersonic over
the stabilized portion of the current pulse. Note also, how-
ever, that the luminosity of these shocks decreases with

time suggesting that the mass flow into the stabilized cur-
rent zone is decreasing.

Figure 7 displays the flow over the wedges at
x = + 2-3/8", + 5-5/8", and + 8-3/8" for a series of times '
during the pulse. Comparing these positions with the patterns
of enclosed current shown earlier, one sees that they corre-
spond respectively to the middle of the stabilized current
zone, to the downstream fringe of the current zone, and to
a completely exterior position. At the three times shown,
14, 16, and 18 psec, it is apparent that the Mach number
of the flow increases downstream through the stabilized
current zone. At the first position, the shocks are some-
what detached; at the second, the shocks are attached; and
at the third they are yet more inclined to the flow. Fur-
ther interpretation is somewhat ambiguous since either a flow
acceleration or a decrease in the local sound speed could
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produce the observed Mach number increase. However, since
the effect of joule heating in the current zone would tend
to raise, rather than to lower the sound speed, and since
the similarity in probe responses at the three transverse
positions speaks against major transverse gradients and
excessive wall cooling, a valid flow acceleration through

the current zone seems the more likely alternative.

Supporting evidence for the continued acceleration of
gas through the stabilized current zone is provided by voltage
signatures of an inner divider and of an exterior probe across
the electrodes at the far downstream end (see Ref. 48). 1In
Fig. 8a is shown the inner divider signature at x = -2-1/4"
indicating a plasma resistive drop of 50 to 60 volts (corre-
sponding to a plasma resistance of .0005 2 ), followed in
succession by a é contribution as the sheet sweeps by, and
then by a’ﬁ x'§ back emf as ¢ vanishes during the stabilization
sequence. If this is truly a steady process, only the resis-
tive drop and the G'xlg contribution should appear at the '
front end of the device and Fig. 8b shows that this is indeed
the case. Here the voltage climbs gradually from the resis-
tive level at breakdown to the same steadyla x‘§ value as the

pattern stabilizes.

In an effort to unravel a bit more of the mechanisms
of gas acceleration in the two phases, attempts have been
made to map the patterns of electric field within the current-
carrying regions of the plasma. Both coaxial probes to measure
the axial (x) fields, and forked probes to measure the trans-
verse (y) fields have been employed, but only the former has
sofar proven sufficiently reproducible to encourage any inter-
pretation. The probe response along the metal electrode
portion of the channel (x < 0) corresponds to that commonly
observed for a propagating current sheet in a closed chamber
pinch discharge, namely, a "spike" of forward facing electric
field, followed by a weaker region of field reversal. An
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example of such a signal taken at x = -3-1/4" is shown in

Fig. 9a. 1In contrast, Figs. 9b,c,d show typical electric probe
responses at three positions in the midplane of the stabilized
current distribution downstream of the metal to insulation
junction (x > 0). The dominant features here COnsisf of a
vestige of the current sheet spike, followed by a null period,
followed by a step function increase in Ex lasting until the
end of the pulse, of magnitude decreasing with distance down-
stream of the discontinuity. Arrival times of the spike and
onset of the plateau region have been plotted as a function

of position in Fig. 10.

One may speculate that the first spike of Ex recorded
by the probe announces the arrival of the snowplowed plasma
accumulated by the propagating sheet upstream in the con-
ducting portion of the channel, now continuing on its own
inertia as the sheet is arrested near the discontinuity and
diffuses into the quasi-steady conduction pattern. The plateau
of electric field prevailing over the latter portion of tﬁe
response presumably reflects the quasi-steady flow acceler-
ation process in operation, possibly as a Hall voltage compo-
nent of the total electric field. The rather well-defined
null time between these two signals is somewhat puzzling,
particularly since no correspondingly abrupt processes are
evident in the development of the discharge current distri-
bution in this region (see Fig. 5). Possibly this stems from
a MOmentary void of mass flow supply to the accelerating
region in the wake of the current sheet, but clearly much more
information is needed to complete this model. Indeed, one may
question how mass flow is provided for the stabilized phase
at any time, if the propagating sheet has effectively swept
out the ambient £fill of the conducting portion of the channel.
Actually, current sheets of this intensity are known from
earlier work to be imperfect "sweepers" (Refs. 11,12,29),

a fact confirmed by the observed magnitude of Ex spike too
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small to account for full acceleration of ions to sheet
velocity (Refs. 41,42). Rather, it appears that the propa-
gating sheet only partially accelerates the ambient gas,
which later surges into, and is accelerated by, the quasi-
steady current pattern. It is also possible that eroded
insulator and electrode material provide some portion of
the inlet mass flow to the acceleration zone, but their
relative importance and duration cannot be judged in this
experiment. As longer pulse lengths are applied to this
device, it clearly becomes important to provide a source of

inlet mass flow of well-defined flux and duration.

In passing, Figs. 9e, f display records of E obtained
by a probe immersed in the conduction bands near the anode
and cathode edge. Here the Ex field is essentially parallel
to the current vector, hence is primarily a resistive compo-
nent, nearly constant over the lifetime of the quasi-steady
pattern, and opposite in sign near anode and cathode.

]

Summarizing to this point then, the diagnostic measure-
ments on the parallel plate apparatus suggest the following
picture of its operation: electrodynamically, the current
sheet breaks down, propagates along the metal electrodes
imparting some fraction of its velocity to the gas it passes
through and, upon reaching the metal-to-insulation junction,
decelerates quickly to a stabilized, hairpin-shaped cur-
rent distribution. Gasdynamically, the flow set up by passage
of the current sheet lags behind the sheet somewhat until it
stabilizes, and then, following a transition period, this gas

provides the inlet flow to the stabilized acceleration zone.

Experiments of the type described above, using uniform
ambient fill of the channel to a prescribed pressure, com-
promise three important aspects of the problem under study.
First, as already mentioned, no external supply of mass flow
is provided to sustain the quasi-steady acceleration phase

over longer pulse lengths; second, no downstream diagnostics
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of the particle-collector or ion-analyzer class are'possible
because of the short mean free paths of accelerated particles
emerging from the current zone; and third, the influence of

major ambient density gradients, such as those encountered in

‘space operation of a thruster, on the current stabilization

process cannot be assessed. In an effort to remove these
restrictions, the shock tube injection system described
earlier (Fig. 2) was installed, with somewhat equivocal

results.

Previous application of this type of gas injection
procedure in connection with exhaust plume studies on a pinch-
orifice device (Ref. 48), had successfully provided a steep
axial density gradient from the discharge chamber out into
the large Plexiglas vacuum vessel. Because of the uncertain-
ties in transitional gas flow patterns in this density regime,
however, it was not clear whether this steep gradient was
determined more by the time scale of the gas injection wave
pattern, or by the large ratio of volumes of the vacuum vessel
to the discharge chamber. Application of this injection tech-
nique to the parallel plate accelerator now indicate, in retro-
spect, that the latter was the case. Referring to Fig. 2, the
orifices in the lines feeding the chamber and switch are
adjusted until the current sheet reaches the metal-to-insula-
tion junction at the same time it would for a uniform 100 p
£fill, and the dynamics of the current sheet are then examined
by Kerr cell photography and magnetic probes. If a sharp
density gradient exists along the channel, noticeable acceler-
ation of the sheet should be observed. To the contrary,
however, the sheet is found to behave almost identically with
the 100 p ambient case, implying an essentially uniform .
density pattern, i.e., that the entire channel fills almost
hydrostatically with the injected gas.

We are thus forced to conclude that substantial ambient

density gradients along a one-dimensional acceleration channel
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cannot be achieved by this method. One may speculate whether
other combinations of inlet port size and number, driving
pressure or shock tube dimensions might remedy this situation,
but it now appears that the difficulty is quite fundamental.
Namely, we may expect that any major density variation in a
one-dimensional flow must extend over at least a few mean free
paths. Since we wish to construct a profile ranging from 100 p
down to a sufficiently low value that ejected particles may
reach remote ion collectors without collision, it follows
irrevocably that the dimensions of the full profile will ex-
ceed that of the channel. Only if one is willing to expand
the flow into two or three dimensions at the accelerator exit
can this density decrease be achieved more abruptly. We are
thus forced to consider addition of a large expansion vessel
to the channel if ion sampling diaénostics are to be applied
to the accelerated flow stream. Since this méy conéiderably
complicate the steady current density pattern in this region,
however, this procedure will be deferred pending development

of alternative diagnostic techniques.

The most recent studies on this program have concerned
the attainment of a suitable quasi-steady inlet gas flow for
the stabilized current pattern to accelerate. Clearly, com-
plete simulation of a steady acceleration process involves
two aspects, phenomenologically coupled, but temporally dis-~
tinct: 1) establishment of a steady discharge current distri-
bution; and 2) establishment of a steady gas flow pattern
through this current distribution. We have shown that the
time scale to achieve the former in this experiment is of the
order of ten microseconds. The time to establish a steady gas
flow pattern probably is much longer. To a crude approxima-
tion, we may regard the propagating current sheet of the
initial transient phase as having completely swept out the
ambient gas over that portion of the channel it has passed on

its way to the position of stabilization, in a period of only
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a few microseconds. To "refill" this volume with gas from
the exterior injection system should require a time of the
order of the channel length involved divided by the sound
speed of the injected gas, i.e., hundreds of microseconds

for the present geometry.

Clearly this time can be reduced by shortening the
channel length over which the propagating sheet runs before
stabilization, and a series of studies are in progress to
ascertain the minimum electrode length which still retains
the essential features of the complete transition process.
It should be noted in this respect, however, that regardless
of this dimension, the downstream bowing of the stable cur-
rent pattern also involves some evacuated volume of channel
which must be filled with injected gas before the accelera-
tion process can be regarded as truly steady.

It also seems advantageous to provide minimum restric-
tion of the inlet flow to the channel, to hasten the filling
process. Since the basic advantage of a shock tube injection
system appears to be ocbviated in this particular experiment,
other, more direct means of gas supply are under considera-
tion. For example, attempts have been made to force the
discharge to initiate some distance away from the rear wall
of the channel, thus leaving an undisturbed ambient gas
reservoir upstream of this position. With reference to
Fig. lla, 3/4" wide electrode strips were located 4-1/2" from
the back wall, in the hope that breakdown would occur directly
across the channel.

However, unlike the results found in the pinch devices
(Ref. 2), the discharge was found not to initiate directly
across the gap but to elect the minimum inductance path shown.
This hairpin of current then sweeps forward to establish the

usual stabilized configuration, again evacuating the intended
gas reservoir as it sweeps through. In an effort to hinder

this minimum inductance breakdown, a baffle was inserted in
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the midplane to increase the path length required‘for low
inductance breakdown (Fig. 1l1lb). Again the discharge chose
the minimum inductance path in the form of two hairpins as
shown. Addition of other baffles was not attempted, since
the flow constriction of such an arrahgement then becomes

comparable with that of a multiported injection plate.

Also examined was the possibility that in the usual
configuration the current sheet broke down not exactly at
the back wall, but perhaps far enough removed from the wall
that a small volume of relatively undisturbed gas was left
next to the wall. A series of Kerr cell photographs and
magnetic probe records indicated, however, that the sheet
initiated right at the wall and essentially no sheet standoff

distance existed at breakdown.

At present a variety of other gas supply possibilities
are under study. Regardless of the final form chosen, it is
clear that longer current pulses will be required to achieve
complete quasi-steady operation of the accelerator from both
the current distribution and gas flow pattern criteria. With
the present capacitor bank available, this predicates lower
current levels, and here the uniformity and accelerating
effectiveness of the discharge pattern may be suspect. Thus,
these factors are now being examined as the pulse length and
amplitude are gradually lengthened and lowered, respectively.
Should the essential features of the transition problem become
indistinct before the desired testing times are achieved, it
will be necessary to increase the capacity of the bank, to
provide longer pulses at the higher current levels.
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IITI. MpD ARC SIMULATION
(Clark)

The previous semi-annual report(48)described the
construction of a discharge chamber whose geometry ciosely
resembles the steady-state magnetoplasmadynamic arcjet. The
primary interest in this configuration, details of which are
shown in Fig. 12 is the simulation of steady MPD arc operating
characteristics on a quasi-steady basis, at power levels and
plume dimensions inaccessible to direct steady state experi-
ments. Such simulation will permit thorough exhaust plume
and discharge chamber diagnostics at current levels from
under 10,000 to over 100,000 amperes, and with back pressures
duplicating a space environment. From these it is hoped to
piece together the details of the gas acceleration process,
current conduction pattern, and electrode loés mechanisms
for the self-field MPD arcs.

J

A secondary, but equally important purpose of this
study is to acquire experience with the operation of pulsed
accelerators on progressively longer driving current pulses.
As has been argued previously, efficiency of pulsed operation
may well be improved by extending the pulse lengths substan-
tially, to the extent that the device becomes more an
"intermittent steady" accelerator--i.e., one in which steady
acceleration processes prevail over the bulk of the pulse--
rather than a conventional plasma gun. Thus, to the extent
feasible in thruster practice, by properly adjusting the
ratio of pulse length to dead time, one could combine the
benefits of high-power plasma acceleration processes, with

modest average power consumption.

In this report we confine our attention to the first
interest~~-MPD arc simulation--and almost exclusively to one
element of that problem. Clearly, two aspects of arc opera-
tion must be simulated if the analogy is to hold: 1) the
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discharge current pattern, electrode voltage, and cathode
emission processes must stabilize to quasi-steady situations
similar to those of MPD arcs; and 2) the mass flow pattern
through the electrode region must stabilize to a steady

level in the interesting range of MPD operation. Only after
both the electrical and gasdynamical requirements have been
met can one claim full relevance of the detailed measurements.

The previous report(48)

dealt primarily with the effectiveness
and time scale of the electrical simulation; here we mainly

consider the gasdynamic problem.

Perhaps the most illustrative introduction to this
problem is a comparison of the several time scales of the
overall process. First, recall that there are three charac-.
teristic times associated with the output of the capacitor

bank and the subsequent electrodynamic plume development (see
Fig. 13):

2} = duration of the flat top current
pulse-~controllable from 20 to several
hundreds of microseconds in this
experiment

Z; = the rise time of the current to its steady
value-~-typically a few microseconds.

2; = the time from current initiation until
stabilization occurs. Typically ?:S =~ 0.4 7;
so that ?} < 2; <.Z;,

In comparison to these, the following gasdynamic times are
of interest:
th = the interval over which the mass
flow rate is constant
1& = the time required for the mass flow
rate to reach its steady value
z; = the time required for a steady pressure
to be reached in the arc chamber after
the mass flow has become constant
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In terms of these, the requirements of the gas injection
system can then be summarized:
7& > 2; to ensure steady mass flow through-
out the current pulse
TR << 71;4 so that during 7;{ the pressure dis-
tribution in the vacuum tank does not
increase enough to compromise the space
environment requirement
g; < T +to enable a steady pressure to prevail
in the electrode region over the bulk

of the current pulse

The first and third requirements can be combined to give

(7, - T =>%

i.e., the current pulse should only occur after a steady arc
chamber pressure has been reached and before the mass flow

rate departs from its constant value.

The most effective means of satisfying the require-
ments for abrupt initiation of a rapidly stabilizing mass
flow has proven to be via a shock tube injection system,
incorporating the pressure reservoir behind the head-on
reflection of a shock wave from the tube end wall to drive
a group of injection ports of variable diameter. Because
of this key role of the quasi-steady mass flow in the desired
MPD simulation and in view of several related applications of
this shock tube technique to other experiments in the labora-
tory, methods of analytical and experimental determination of
the actual gas injection characteristics from this system

will now be described.

Neutral density measurements with fast response ioni-

zation gauges showed that a previous shock tube gas injection

(48)

which never attained a steady phase, but rose steadily at

system provided a pressure profile in the electrode region

about 25 p per 100 psec in the pressure range of interest.
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This rise was attributed to the low initial pressure in the
shock tube driven section (0.01 p) and the size of the gas
reservoir (tube diameter = 7/8"). The present tube dimen-
sions were selected (diameter = 2-3/8", driven section
length = 7'-6", driver section length = 2') to give a con-
stant pressure reservoir time of almost one millisecond. In
addition, in order to decrease the shock thickness, i.e., to
decrease fk . the initial piessure in the driven section
was increased to 1 mm. The resulting leakage flow out the
injection holes prior to shock tube firing did not increase
the back pressure to more than about 1 p due to the speed of
the diffusion pump and the small size of the gas injection
holes (diameter = 0.030").

In practice, the constant mass flow time, T& is ter-
minated by the return to the end wall of the reflected shock
after its interaction with the contact surface. This is best
shown graphically on the x-t diagram of Fig. 14, which is
based on ideal gas flow in a one~dimensional shock tube of
the above dimensions with initial pressures of 1 mm and
35 psia in the driven and driver sections, respectively. The
figure shows the conventional division of gasdynamic regions
by number, and subsequent numerical subscripts refer to these
regions. For the case shown, the ideal constant pressure
time in the reservoir is roughly 1 millisecond. Also shown
on the same figure is the result of a calculation taking
account of the viscous interaction of the gas with the tube
wall. On a shock tube wall, as with steady flow situations,
the no slip condition leads to the formation of a viscous
shear layer or boundary layer. In a shock centered reference
frame, this boundary layer has a negative displacement thick-
ness so that it acts like a mass sink to the incoming flow,
generating rarefactions which propagate forward to attentuate
the shock. If the shock tube is long enough, this attenuation
proceeds until the rate of mass influx into the shock is

balanced by the boundary layer mass flow moving past the
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contact surface, after which time the separation distance
between the shock and contact surface remains constant. The
major effect then is that both the testing time and the re-
servoir pressure are decreased from their ideal values. For
lower initial pressures in the tube, the boundary laYer
growth and consequent shock attentuation are increased, an
effect reflected in still lower values of reservoir pressure
and duration. Note that the reflection of the rarefaction
off of the driver end wall does not have a role in determining
the reservoir conditions, due to the large expansion ratio of
the initial rarefaction. Hence, only a very small driver
section is necessary to generate the reservoir conditions

shown.

Figures 15 and 16 show comparisons of ideal gas and
real gas calculations of the reservoir pressure and constant
pressure reservoir time, respectively, as the initial pressure
in the driven section is varied. The calculations were per-
formed with a driver pressure of 35 psia, the experimental
value used throughout all the tests to ensure the most repro-
ducible diaphragm rupture., The experimental points in
Figs. 15 and 16 were derived from an insulated piezoelectric
crystal mounted flush with the end wall of the shock tube.
This probe was similar in construction to other pressure

probes discussed in previous reports(47'48)

with the excep-
tions that the diameter of the crystal has been increased

from 5/32" to 1/4" and its thickness increased from 0.010"

to 0.040" for better sensitivity at low pressures. Using
straightforward relations for the output of a piezo crystal,
the analytical calibration factor for the probe and associated
coaxial cable is found to be 2.0 volts/atm. Due to the
external circuitry, the crystal signal has an RC decay con-
stant of 600 psec, a feature which has been incorporated

in the reduction of the data.

A typical triple overlay of crystal response is shown
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in Fig. 17. This picture shows a sharp initial signal rise
from the impinging shock, a nearly constant pressure for
approximately 500 psec, and a subsequent pressure rise due

to the return of the reflected shock after interactipn with
the contact surface. This latter feature is not a sharp rise
because the contact surface is actually a diffuse zone due to
the nonideal diaphragm rupture. On the basis of such data
taken on expanded time scales, this shock tube system is

found to act like a valve with an opening time ( Tﬁ) of less
than 2 psec which is the resolution time of the crystal cir-
cuit. It needs to be noted that only the initial portion of
the piezo response ( < 30 psec) can be compared to the value
predicted by the modified one-dimensional calculations,
because after that time, a reduction in < due to "drainage"
through the injection ports will be felt by the sensor. This
effect is noted in Fig. 15 by including open data points which
indicate the initial reservoir pressure; i.e., that value which
can be compared to the real gas calculations, and solid data
points which represent the average reservoir pressure over the
time shown in Fig. 16. The error bars in Fig. 15 indicate the
total error due to the irreproducibility of the gasdynamic
process and the assignment of a particular pressure for the
indicated duration. The good agreement between the real gas
calculations and the experimental values lends confidence to

the mass flow values subsequently derived from these data.

Determination of the mass flow rates from the shocked
gas reservoir requires values of discharge coefficient for the
injection holes. At the prevailing low Reynolds numbers, an
assumption of unity for the discharge coefficient is not
warranted. However, by setting an initial pressure in the
shock tube and monitoring the pressure rise in the vacuum
tank with the vacuum pumps shut off, the desired discharge
coefficients can be determined empirically. These values are
shown as circled data points in Fig. 18 plotted against the
Reynolds number based on hole radius and upstream stagnation
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viscosity. 1In addition, the line shown in Fig. 18 represents
experimental data for sharp edge orifices discussed in Ref.
A-2. The apparent discrepancy at low Reynolds numbers is
probably attributable to the different constriction geome-

tries in the two experiments.

From the empirically determined discharge coefficients,
the measured time—average reservoir pressures, and corre-
sponding stagnation temperatures (calculated from isentropic
expansion of initial Pg to the time-average value), mass flow
rates were calculated. These mass flow rates steady to the
accuracy shown for the duration given in Fig. 16, are shown
in Fig. 19 along with the leakage flow rate resulting from

maintaining the shock tube driven section at the given Pq value.

Achievement of steady mass flow through the injection
holes into the electrode gap does not necessarily imply steady
flow over the entire discharge region. In particular, the
desired operating conditions of the capacitor bank self-
triggering into a time-steady pressure profile in the elec-
trode region with a sharp gradient in pressure downstream from
the orifice, is by no means guaranteed. To investigate the
patterns of local pressure development, the fast ionization

(48) has been inserted

gauge discussed in the previous report
in the arc chamber and exhaust regions, both with the leakage
flow and the shock driven flow. Although the results are so
far incomplete, some preliminary conclusions can be drawn.
During the leakage mass flow period, little or no axial pres-
sure gradients are measured for initial pressures in the shock

tube of 1 mm or less, and no radial gradients are measured.

Figure 20 shows the gauge response to the dynamic
situation, i.e., the injected mass drivén by the shock gen-
erated reservoir, at the center of the anode plane with an
initial shock tube pressure of 1 mm. The upper trace shows
the familiar piezo crystal response and is used as a time

reference, while the lower trace displays the ion current
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which is directly related to neutral density. Several

interesting characteristic times can be seen in this photo:

l. The delay time between shock impinge-
ment on the end wall of the tube and initial
pressure rise at the center of the anode plane
is & 100 psec. During this time, the pressure
measured is that due to the leakage flow only.

2. The characteristic time required for
the chamber pressure to stabilize due to a fixed
mass flow rate ( 1%) is about 300 psec. Referring
to Fig. 16 then indicates that initial pressures
in the shock tube must be greater than ~~ 300 p
in order to achieve a steady pressure in the

electrode region.

3. Other data shots show that the pressure
then remains constant in this region until the
subsequent pressure rise in the shock tube can be
communicated, which requires roughly 100 psec.

Thus, for these conditions, there is a constant
pressure distribution in the electrode region

for about 250 psec duration.

Figure 21 shows the preliminary pressure profile
development on the centerline of the exhaust for these same
conditions; i.e., it is a cross plot of the average of
several oscillograms like that shown in Fig. 20. It is
seen that for the time period from 300 to 500 psec after
the piezo crystal response, the pressure in the electrode
region (8 = 0 on this figure) is essentially the same,
although the extremities of the profile continue to propa-
gate into the exhaust vessel. Pressures in the electrode
region can be changed by changing Py and/or the injection
hole size. The specific conditions used were maintained
throughout this series of pressure measurements and the

later studies of the actual discharge operation in order to
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determine the gross operating characteristics of this

geometry.

In a first application of the apparatus and tech-
nique outlined above, a preliminary survey of the current
density distribution in the chamber and exhaust regions
during a 140,000 amp x 20 psec discharge has been made
using a magnetic probe rake described previously}43) For
this operation, an initial pressure in the shock tube of
1 mm Hg was used for the reasons cited above. Referring
to the Paschen curve for this configuration (Fig. 22) and
the local pressure development with time in the electrode
region (Fig. 21), it is clear that the spontaneous break-
down of the capacitor bank occurs considerably later than
the steady pressure phase in the chamber. However, the mass
flow rate change during the 20 psec pulse duration was slight,
and has been ignored for this first survey. Specifically,
the piezo crystal output indicates a mass flow rate of about
50 mgm/sec and a local pressure in the electrode chamber of
about 25 p at the time of breakdown.

The primary results from this survey may be summarized

as follows:

1. The current pattern clearly stabilizes
in the chamber and in the region up to two ori-
fice diameters downstream after approximately
6 psec. In the outer exhaust region, the cur-
rent contours slow but do not stop completely

on this time scale.

2. The initial breakdown closely follows
the insulator surfaces in the back of the cham-
ber, attaching at the lip of the anode orifice
and at the rear of the cathode. This is followed
by a propagation to the cathode tip of only about
1/3 of the total current, the remaining 2/3



47

NOOYHV NI

Ol

HOLVINWIS ddW 404 3IAYND N3IHOSVd

bH ww’3IYNSSIYd
_ I'0

100

¥ ¥ 1—__- 1 d-.- i _-- ¥

20l

I..no_

+Ol

JOVLI0A NMOAMV3HE

FIGURE 22



48

choosing to distribute itself nearly uniformly
over the cathode and throughout the arc chamber
for the duration of the pulse. A typical map
of enclosed current contours which displays
this distribution in the stabilized configu-
ration is shown in Fig. 23. ©Note that the
portion of current emanating from the cathode
tip is essentially the same as that which pro-
jects out into the exhaust plume.

3. In the interval from 1 to 4 psec after
breakdown, the anode attachment of that current
which enters the cathode tip is observed to
spread rapidly over the entire downstream sur-—
face of the anode, i.e., out to the vacuum

vessel wall 17 inches from the centerline.

In the early portion of this study, a conical alumi-
num cathode was used, but this was found to erode serious}y,
to the point of severe deformation after only a few shots
(see Fig. 24). This was then replaced by a similar molyb-
denum cathode, which although clearly pitted by the dis=-
charge, did not seriously change its shape. Despite the
complications of cathode erosion on operation of the accel-
erator, it offers unimpeachable evidence that the cathode
surface is readily capable of thermionic emission on the
time scale of this transient experiment, and thereby simu-
lates MPD operation in this regard.

At present, surveys of this type are being extended
into lower current-longer pulse domains where both the cur-
rent distribution and the gas flow pattern will achieve a
quasi-steady level, and the typical MPD operating range will
be better simulated. Also, in addition to the MPD simula-
tion, the implication of the results to pulsed thruster
operation in quasi-steady modes is under more serious con-
sideration.
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IV, OPTIMUM ENERGY TRANSFER FROM LOW IMPEDANCE
PULSE NETWORKS TO ACCELERATING PLASMAS
(Wilbur)

This effort is intended to give a better under-
standing of the conditions under which a high energy power
supply, such as a capacitor bank or transmission line, will
transfer its energy to an accelerating plasma with optimum
efficiency. The work consists of four related studies:

1) design and development of low inductance capacitors suit-
able for simple assembly into pulse line configurations;

2) experimental determination of the detailed capacitor
characteristics; 3) experimental investigation of the con-
ditions for optimum transfer of energy; and 4) development

of analytical techniques to support the experimental studies.

The first phase of the capacitor design and develop-
ment program has been completed with delivery of the last of
12 capacitor units from the manufacturer (Corson Electric
Manufacturing Corp.). All of these units have been tested
and shown to behave like sections of low impedance trans-
mission line; i.e., they deliver a rectangular current ane—
form to a suitably matched load. A variable resistor capable
of withstanding the currents and voltages produced’by these
units has been developed to permit determination of the
inductance and capacitance of the units under high voltage,
high frequency conditions. For example, if pulse lines com-
posed of a series of four units are discharged through the
calibration resistor adjusted to yield the matched conditions
for various initial voltages, the ratio of voltage across the
resistor to current through it measured over the flattopped
region of the current and voltage traces falls into the
range of 30 to 34 milliohms. The actual variation is shown
in Fig. 25 as the curve labeled "high current measurements."

If the values of the matching resistances are later measured



52

FOVLTIOA INITT TIVILINI HLIM 3ONVLSIS3Y ONIHOLVA 40 NOILVIMVA

| (AM) FOVLI0A 3NITT TIVILINI
Ol 8 9 14 [

Y O ) H ) E R N R

SINIWIUNSVIWN LN3HYND HOIH |/

— —— _ -

- JONVLSIS3IY TVYNIWON

072

ot

09

- (TW) NOILIGNOD G3HOLV 1V 3ONVLSIS3H

FIGURE 25



53

directly by a Kelvin bridge, a different curve, labeled
"nominal resistance" is obtained. The discrepancy between
these two curves simply reflects the change in the resist-
ance of the load resistor as a function of current. Although
additional tests at intermediate initial voltages are re-
quired to confirm these preliminary results, it appears the
characteristic impedance at the conditions which exist during
typical pulse line operation is near 33 milliohms. Using
this 33 milliohm impedance and the observed single unit two-
way transmission time of 0.45 microsecond, one obtains a
capacitance of about 6.5 microfarads and an inductance of

about 7.0 nanohenries for the average unit.

In previous work it has been commonly assumed that
substitution of an accelerating current sheet for the resis-
tive load usually employed in transmission line analysis would
cause no essential difference in the behavior of the line-load
system. 1In particular, this assumption implied that 1) opti-
mum energy transfer from a transmission line to the current
sheet would occur when the impedance of the line was equal
to that of the current sheet, 2) no negative current would be
observed when the dynamic impedance of the current sheet was
equal to or greater than that of the line, and 3) the current
would decay to zero over several two-way transmission times
of the line when the current sheet impedance was greater than
that of the line. The first evidence that this assumption
might be invalid was given in the previous semi-annual re-
(48) in the form of oscillograms showing negative currents
under conditions where the average pinch impedance was calcu-
lated to be greater than that of the driving line. ' Subse-
quently, the capacitor units have been connected in a three-
line configuration having a characteristic impedance of 11
milliohms, and nominal pulse length of 2 psec, to the parallel
plate accelerator described in Section II, which as a nominal

impedance of about 20 milliohms (compared to 10 milliohms for
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the pinch machine). Magnetic field probe records confirm a
current sheet velocity corresponding to a 20 milliohm load
impedance and yet a sizable negative current is still ob-
served on the second half cycle as shown in Fig. 26a. Note
also on this oscillogram the tendency of the current pulse

to be elonga%ed and to decay slowly; indeed, the "2 psec

pulse line" has here produced a pulse that remains positive
for about 6 psec. To provide insight into this current pulse
behavior, the computer program combining snowplow plasma
dynamics with the transmission line wave equation (described
in detail in Ref. 48) was modified to reflect parallel plate
accelerator geometry and the current and voltage wavefornis
were computed. The results, shown in Fig. 26b, closely con-
firm the experimental observation. Further examination of
the analytical calculations now suggest that it is the rela-
tively large inductance associated with the current sheet con-
figuration that causes the current reversal in those cases of
load impedance equal to or greater than that of the line.
This inductance, which would not appear in a simple resistive
load, here adds sufficient inertia to the circuit that the
current lags behind the transmission line voltage decay and,
thereby the transmission line achieves a negative voltage
before the zero current condition is reached. This negative
voltage then produces the negative current observed on the
second half cycle. Expressed another way, in the "near-match"
regime, the requisite inductance growth rates will quickly
generate inductance levels capable of seriously distorting
the voltage waveform whenever current magnitude is attempting
to change. This effect is observed over the entire interest-
ing range of line and load impedance, and seems to impose a
basic loss mechanism which may reduce the efficiency of energy
transfer to the current sheet motion.

Another output of the computer study is the energy
balance plot shown in Fig. 27. This shows the energy dis-~
tribution in the parallel plate accelerator filled with 100 p
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argon and in a 0.011l ohm x 1.8 psec transmission line driving
it (3 lines of 4 capacitors each) as a function of time.
Energy contained initially in the transmission line is trans-
ferred into the magnetic fields and into the current sheet in
the form of thermal and directed motion of the snowpiowed gas
as the acceleration process proceeds. The current sheet in-
ductance effect described above can be seen in this plot as
the transfer of energy from the magnetic fields back into the

" transmission line after about 4 microseconds.

A computer analysis is also being carried out for the
pinch discharge geometry. As shown in Fig. 28 the essential
elements of the energy balance are the same as they were .for
the parallel plate accelerator with one essential difference.
Namely, the time available for transferring energy into the
accelerating current sheet is now limited by the pinch time,
and the pulse length for optimum energy transfer to the sheet
is therefore closely coupled to the pinch time. Figure 28a
is based on five lines of two capacitors each (0.007 ohm x 0.9
psec) driving the 8-inch pinch with 100 p argon through a one
nanonhenry switch. Figure 28b shows how this energy distri-
bution plot is modified when the same pinch is driven by six
lines of two units (0.005 ohm x 0.9 psec). Note that although
the impedance mismatch is greater when six lines are driving
the pinch as evidenced by the relative minimum energies in
the transmission line (occurring at about 1 microsecond), the
energy transfer to the gas at pinch time is greater with six
lines because in this case there is less transfer of energy
back into the line from the magnetic fields. It can be seen,
therefore, that both pulse line length and impedance are
important in determining the point of optimum energy transfer
to the current sheet, and it appears that this optimum will
not necessarily occur when the average impedance of the pinch
is exactly equal to the line impedance.

Another computer study is currently being conducted
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to determine under what line configurations the maximum
fraction of the initial line energy is transferred into
directed motion of the gas. Figure 29 shows this optimi-
zation for the case of 100 p argon in the 8-inch pinch cham-
ber, with an assumed switch inductancevof 1 nanohenry. It
is hoped that a broad survey of this type will identify the
conditions under which the optimum energy transfer can be

most easily investigated experimentally.

Reference 48 reported our concern that the switch
inductance might be sufficiently large to restrain the rising
current throughout the entire nominal pulse time for the short
pulse configurations. In order to insure this would not be
the case, considerable effort has been spent on development
of a new low inductance switch. The concept of the switch is
illustrated in Fig. 30. Unfortunately, this geometric con-
figuration exhibits a tendency to spoke and the low inductance
calculated for the device is not realized for most arrange-
ments of the capacitors. It does seem to work adequately|for
the case of six lines of two units and can be used under these

conditions if such runs are needed in the future.

Other investigations conducted during the report period
include a study of the effects of pinch chamber height, type
of gas used in the chamber, and gas pressure on the efficiency
of energy transfer. Additional effort will be required to
complete this investigation in light of the inductance effect
outlined in the beginning of the report. In particular, cur-
rent sheet velocity and continuity must be investigated in
each case, since the amount of negative current observed on
the second half cycle is now known to be an adequate indi-
cation of efficiency.
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Ve PRESSURE MEASUREMENTS IN CLOSED CHAMBER DISCHARGES
(York)

Previous work on the problem of mapping the gas
pressure profile through a propagating current sheet has
dealt almost exclusively with improvement of the piezo-

electric probe response.(47'48)

With a satisfactory unit
finally in hand, it has been possible during the present
reporting period to proceed to complementary tasks necessary
to relate probe output to plasma properties. Specifically,

a method of probe calibration has been developed; the geom-
etry of the discharge pattern driven by the pulse-forming -
network and the interference of the probe with the discharge
have been examined experimentally using Kerr cell photography,
and various analytical methods of interpretation have been
considered.

The pressure probe calibration has been carried out,
using a simple, single-~diaphragm, constant area shock tube.
This method was chosen because it is highly reproducible,
it provides an impulse on the desired submicrosecond time
scale, and it permits calibration over a reasonable operating
range. In particular, it was desired to calibrate the probes
over a range of initial pressures near the ambient discharge
value of 100 p and over as large as possible a dynamic pres-
sure increment, by subjecting them to the head-on reflection
of the shock from the tube end wall. However, it is well
known that low density shock tube behavior diverges from
classical inviscid behavior because of boundary layer
effects. ®3)  Rather than embark on a lengthy shock tube
calibration program, it was decided to rely on experimental
data published by Duff(A_4)
with exactly the same internal dimensions. Accordingly, the
shock tube was assembled with a 1-1/8" i.d., a 3' driver and

and to construct a shock tube

7' driven section; the diaphragm was manually burst. Using
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Duff's data on shock Mach number for given initial pressure
and diaphragm pressure ratio, reflected shock data was taken
over an ambient pressure range from 500 p to 1.0 atm of argon
with corresponding pressure jumps across the reflected shock
of from 0.01 to 5.3 atm. Results indiéated a linear response
within experimental limits over the range tested, typically
0.20 volts/atm for P®T-S crystal 0.010" thick (Fig. 30).

Before attempting to interpret probe output in the
pinch discharge environment, a series of radial-view Kerr
cell photographs were taken of the discharge. This was accom-
plished by removing a section of the outer return conductor,
allowing radial access to the interior of the chamber through

the glass insulator as had been done previously.(zg)

A typi-
cal photograph of the imploding current sheet driven by the
illustrated current waveform is shown in Fig. 31. Several
familiar disturbances are evident on this and sequential
photographs: 1) the anode "foot" phenomenon has enveloped

a significant percentage of the interelectrode gap (see
Section VI); 2) the main portion of the sheet is slightly
concave inward; and 3) there is a small cathode foot. Never-—
theless, it may be concluded from such studies that between
radii of 3~ and l-inch and midway between the electrodes the
sheet is relatively free of electrode effects and accordingly
this will be the region of primary interest for the pressure
probe diagnostics.

To pursue the problem of probe interference with the
current sheet, several "dummy" models of probing shapes were
inserted through the chamber walls and the luminosity patterns
photographed again. The first shape to be examined represented
a radial probe; Fig. 32a shows the probe interaction shortly
after arrival of the sheet; Figs. 32b and ¢ show a 4.5 x mag-
nification of the area near the (sensing) end of the probe
body taken at later times. From these photographs it is evi-
dent that at this probing position (r = 2") the probe is not
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immersed in the anode foot. However, the stagnation region
of the probe is intensely luminous, and there is a typical

contour of luminosity being shed from the stagnation region.

A similar sequence of photographs was taken of a
dummy axial probe; Figs. 33a,b,c show luminosity patterns
when the sheet first reaches the probe and at later times.
Note that the flow againlstagnates on the side (non-sensing)
surface of the probe and this stagnated flow then diffractsk
over the end (sensing) surface. To examine possible means
for reducing this disturbance to the sensing surface an
annular flow isolator was slipped around the sensing end of
the axial probe. Several luminosity photographs of this
arrangement are displayed in Fig. 34. Figure 34a shows the
shape shortly after arrival of the current sheet; this same
picture is shown in 4x5 x magnification in Fig. 34b and at
a later time in Fig. 34c. Clearly, the isolator substantially
reduces leakage of the hot, stagnated gas over the sensing
surface, but a weak bow wave is still evident from the leading
edge of the isolator. Other configurations of isolator are
presently being studied to minimize the distortion of the
flow over the sensing surface from that prevailing in a
virgin current sheet.

When the probe configuration has been optimized,
sinultaneous data on pressure, magnetic and electric fields,
and luminosity profiles will be compiled, and combined with
other measurements from earlier work, for the purpose of con~
structing a more detailed description of conditions within

the sweeping current sheet.
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VI. CURRENT SHEET BEHAVIOR NEAR THE ANODE
(Oberth)

Previous reports have related certain observations
of anomalous behavior of pinch current sheets near the anode

(47, 48) Magnetic probe data indicate that under cer-

surface.
tain conditions the cylindrical current sheet will bifurcate
near the anode, and attach itself to it in two more or less
concentric rings. The position of bifurcation is found to
regress from the surface as the current sheet advances radi-
ally, as shown schematically in Fig. 35. This "anode foot"
structure has been found to occur in argon at various cham-
ber pressures and with various flattop or double-peaked
driving current pulses of magnitudes from 230,000 to 400,000

amperes.

Following these initial observations of this unusual
current sheet behavior, attempts have been made to map thq
radial and axial electric fields in the "foot" region, but
this has been precluded by an inordinate scatter in this data,
a significant result in itself for these otherwise highly re-
producible closed-chamber discharges. An example of the kind
of irreproducibility encountered is shown in Fig. 36 which
éB
at ! Er !
current sheet, taken at the chamber midplane.

displays EZ oscilloscope traces of a "bifurcating"

The unusual irreproducibility of these measurements
is interpreted to indicate that the discharge current exper-
iences considerable difficulty in establishing a viable con-
duction mechanism near and into the anode surface, and thus
is vulnerable to unspecified instabilities and turbulence in
this region. Because of the possible importance of the anode
sheath processes to the overall plasma acceleration problem,
both in the pulsed and steady flow implementations, it has

been decided to pursue this anode process further, despite
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its complexity, in the hope of acquiring at least some qual-
itative insight into the difficulty, and possibly of identi-
fying a means of remedy.

In deference to the above mentioned irregularity of
the process, a systematic photographic study has been under-—
taken to catalog the visual aspects of the domain before
attempting further accumulation of electrical data. For this
purpose, the same radial view Kerr cell photographic system
described in the previous section was applied to this experi-
ment (Fig. 37). All of the displayed photographs were taken
in a 100 p argon discharge in an 8-inch diameter chamber,
driven by a 5.5 psec x 230,000 amp current pulse. A magnetic
probe visible in the photographs was also inserted axially
into the chamber to provide ZBe/at records along with the
Kerr cell photographs. ‘

The first series of photographs displayed in Fig. 38
shows the progress of the pinching current sheet from 1.4 psec
to 3.8 psec after initiation of the discharge. These pictures
again show that the luminous front does divide and diffuse
near the anode and that this disturbance grows towards the

cathode as the current sheet propagates inward.

Correlation of such Kerr cell photographs with corre-
sponding magnetic probe records allows one to relate the
luminosity front to the current conduction regions of the
sheet. Figure 39 compares photographs with the appropriate
magnetic probe records for three different positions of the
probe. In Figure 39a both the luminosity pattern and magnetic
probe data indicate a single current conduction zone at the
midplane. 1In Fig. 39b the magnetic probe has been positioned
1/2" from the anode. The photograph shows the probe standing
between the two "legs" of the bifurcated current sheet. The
corresponding probe trace shows that one current conduction
region has swept over the probe prior to 1.8 psec and that a

second current zone is about to pass the probe. Apparently,
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then, each part of the bifurcated 1uminosity front has a
current conduction region associated with it. Figure 39c
with the magnetic probe at a position 1/4" from the anode

further supports this conclusion.

Under certain conditions another aspect of the anode
process has been observed photographically. When a highly
polished aluminum electrode is employed, a distinct fila~-
mentary "spoking" is found to occur at a random spot on the
anode. Figure 40 jillustrates the situation: at the early
times we see the familiar bifurcated anode attachment, but
later, at about 2.6 psec, a luminous "spot" is seen to form
on the anode surface. This luminous spot intensifies as -
the current sheet propagates inward. From many photographs
of this type, we conclude that the "spoke" does not form at
any one particular point on the anode, but seems to attach
at a different point for each discharge. Little is presently
known about the current densities associated with this "anode
spoke, " but such information will be sought in future investi-
gations. It seems reasonable, however, that such instabil-~
ities give rise to the irreproducible electric probe data
displayed earlier.

In the course of this qualitative photographic survey,
it seems reasonable to try to establish the pressure depend-
ence of the anode foot processes. Figure 41 shows photo-
graphs of current sheets propagating into ambient argon at
pressures of 50 p, 100 p, and 200 p at approximately the
same radial positions. 1In each case the driving current is
constant at about 200,000 amperes for the times indicated.
Each photograph shows the familiar current sheet bifurcation
near the anode, with little drastic change in scale over the
range tested. In fact, the degree of similarity among the
three figures would seem to indicate that chamber pressure is
not a critical factor in determining the current sheet
behavior near the anode.
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Clearly, similar surveys of the effect of discharge
current amplitude, pulse shape, gas type, electrode type
and surface condition, and chamber geometry will be needed
to localize the physical cause of the anode foot, priqr to
its more detailed examination.



80

VII. GAS LASER INTERFEROMETRY
OF CLOSED CHAMBER DISCHARGES
(Bruckner)

Among the various optical techniques available for
the investigation of electron and ion densities in ionized
gases, interferometry offers the best compromise between
experimental simplicity and ease of interpretation of data.
Of particular significance to interferometry has been the
advent of the laser and the development of new interfero-
metric methods which are based upon self-modulation of the
laser cavity by its own reflected 1ight.(A-5'A—6’A_7) A
schematic diagram of one possible technique of this type
is sketched in Fig. 42. The output from the laser is sent
through the plasma, and reflected back onto itself by the
planar mirror M3. The amplitude of the laser output depends
upon the phase of the signal which returns into the laser

cavity from the mirror system M, - M3 s wWhich in effect con-

2
stitutes a high Q cavity whose resonant frequencies depend

upon the refractive index of the plasma.(A_B)

If the plasma
density changes with time, a sequence of resonances at the
laser frequency will be excited in the cavity. Since the
phase of the signal returning to the laser depends on the
proximity to resonance, the laser output will vary, attaining
an extreme value each time the external cavity, M2 - M3 is
swept through a resonance. Each complete cycle of light
intensity is called an interferometric fringe.

A number of preliminary experiments with devices of

(43,47) These in-

this type have been reported previously.
cluded a determination of the frequency response of the inter-
ferometer, and a measurement of the refractive index of
neutral argon to check that a changing index did indeed pro-
duce fringing. A few feasibility studies of probing the pinéh

discharge itself were also attempted, and while these showed
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promising results, they also indicated a need for more

sophisticated experimental facilities.

In this direction, an improved optical bench has been
constructed, and applied to an 8-inch diameter pinch dis-
charge chamber as shown in Fig. 43. A front-surface mirror,
M4 « deflects the laser beam through a 6-inch slot in the
optical bench into the chamber via a 6-inch diameter glass
insert in the upper electrode. The mount supporting M4 also
holds the be